A temperature dependence analysis of the single event transient current induced by heavy ions irradiation is performed in the range of 300K to 500K on a 1μm SOI CMOS MOSFET standard 6T-SRAM cell. The Sentaurus TCAD mixedmode numerical simulation showed a significant impact of the temperature on the current induced by the radiation and as a result, an increase of the 6T-SRAM sensitivity upon radiation. A SOI MOSFET compact model introduced in SPICE as a Verilog-A module reproducing the single event effects was developed. This model shows a very good agreement with the TCAD simulations results but with a drastic reduction of the simulation time. Furthermore this model could be extended to other circuits simulations. This result is of importance to allow for extensive circuit design studies which cannot be carried out with TCAD physical simulations. 
I. Introduction
Many devices can be exposed to extremely harsh environments as under radiation and at high temperatures, in space applications for example. SOI (Silicon-on-Insulator) circuits are often used thanks to their extended range of working temperature and lower sensitivity to radiation effects [l-3] . Many papers discussed SRAM sensitivity [4] [5] [6] and studied their temperature dependence up to 418K [7] . This work presents an extended temperature analysis from 300K up to 500K, under heavy ions radiation for high-temperature SOI circuits. Two different methods were used. The first uses 2-D TCAD (Technology computer aided design) mixedmode simulations [8] [9] to investigate: firstly the current induced in a single SOI MOSFET by the heavy ions particles; secondly the 6T-SRAM sensitivity to radiation at different temperatures, through its linear energy transfer threshold (LET_th). The LET_th is the lowest energy able to create a single event upset SEU, here in the standard 6T-SRAM [10] . The second method uses a dedicated SOI MOSFET compact model introduced in SPICE as a Verilog-A module. The LET_th of the 6T_SRAM is simulated versus temperature. A comparison between both methods shows a good agreement at different temperatures, but with a huge reduction of simulation time and less complicated simulation steps in the second method.
II. Two Dimensional TCAD Simulations
The Sentaurus TCAD simulator is used to simulate the radiation effects, first on a single SOI NMOS transistor and next, on a SOI 6T-SRAM cell.
II.1-Simulation of a Single SOI NMOS Transistor:
We consider a PD (Partially-Depleted) SOI CMOS process featuring 25nm thick gate oxide, 250nm thick silicon body and 1µm thick buried oxide with 1µm channel length, as is typical for present hightemperature applications. Fig1 shows the 2D device structure generated for a SOI MOSFET [11] . Fig.2  (a,b,c) show a fair agreement between the experimental and TCAD drain current (Id) -drain voltage (V DS ) curves in off state (gate voltage V GS = 0) for temperatures of 300, 400 and 500K . The OFF state with V GS = 0 and V DS = 4V and a radiation hit on the drain region has been determined as the worst case to study the radiation effect. A heavy ions particle is used with a radius of 0.1 um, an energy of LET=30MeV.cm 2 /mg = 0.3pC/µm and a normal incidence (Fig.3) . As showed in Fig.5 , the current pulse amplitude decreases when the temperature increases. The time delay of the current pulse defined at 10% of the maximum is however increased with temperature. Similar results have been found in previous works for a temperature up to 418K [7] , [12] . This behavior can be explained for the maximum current amplitude I, by the average of the electron mobility µ [13] :
where E Field is the electric field and LET the energy of the ionized particles. As the mobility µ decreases with temperature (following µ ∝ T -α with α >1.3), the current pulse amplitude also decreases with temperature. The delay could be related to the diffusion current, which depends on the diffusion coefficient. The later is related to temperature T and mobility µ by the Einstein relationship [14] :
where q is the electron charge and k the Boltzmann constant. Equation (1) is not sufficient to explain the simulated linear variation of delay as a function of temperature. This could then be explained by the SOI internal parasitic bipolar effect in which the time constant for the return to equilibrium following an on-to-off transient depends on the bipolar gain β. The later indeed increases linearly with temperature. This hypothesis will be verified in a future work. with the temperature, even if the particles LET remains unchanged (0.3pC/µm). In the range of 400 and 450K we note that the slope of the charge increase is reduced.
II.2-Simulation of the SOI CMOS Standard 6T-SRAM cell:
The simulated SOI CMOS 6-T SRAM cell (Fig.7 ) has 6µm and 12µm channel widths for NMOS and PMOS transistors respectively, both with 1µm channel length. Simulations are performed in memory state (no write, no read). The bit and word lines are pre-charged to VSS (0V). The supply voltage VDD is 4V.
Fig.7 Standard 6T-SRAM cell
As the structure of 6T-SRAM is symmetric and the N-MOSFET is more sensitive to radiation effect than the PMOS [15] , the worst case corresponds to a hit on one NMOS transistor in off state (N1 in Fig.7 for example) and is sufficient to evaluate the impact of radiation on the 6T SRAM cell.
We first use the following mixed-mode simulation methodology [16] [17] . The principle is to limit the use of the device simulator to the struck NMOS transistor while the rest of the memory cell is represented by SPICE elements (Fig.8) . Parasitic capacitances extracted from the 6T-SRAM cell layout were included in the mixed-mode netlist to evaluate the right LET_th. Fig.9 shows the simulated LET_th for the 6T_SRAM cell. 
Fig.9 Mixed-mode simulation of the threshold LET for the SOI CMOS 6T-SRAM cell versus temperature
The increase of the temperature decreases the LETth and as a result, it increases the SEU sensitivity of the 6T-SRAM. This sensibility can be explained in part, as in a previous work [7] by the decrease of the threshold voltage V th with temperature increase and in another part, by the increase of the collected charge as discussed above. The LET_th indeed shows the same slope reduction as the charge in the range from 400 to 450K.
III. Compact Model Simulations
Besides the creation and the check of the 2D structure, the TCAD simulation consumes a great time for one simulation; i.e. about two hours for 10ns of transient simulation of the 6T-SRAM, on a workstation with 1.6GHz clock frequency and a 4 GB RAM. In case of 3-D TCAD simulations, several days are needed. Furthermore numerous simulations are needed to find the right LET_th at different temperatures. Due to this complicated approach it is essential to develop a simple model of the single event upset (SEU) which can be simulated directly with SPICE. Many works to model the SEU in Spice are presented in the literature. These works are based on the introduction of a current source between drain and source to model the radiation induced current in the transistor [5] , [18] [19] . The compact model developed in this work is based on the concept of connecting a current source I SEU controlled by voltages, between the body contact and source terminals of the BSIMSOI model. The current source I SEU is defined by the equations of the generation of electron-hole pairs by a heavy ion strike through the channel, used in [21] as:
) ( 2 2 where J n and J p are the electrons and holes current densities, D n and D p the diffusion coefficients of electrons and holes, µ n and µ p the mobilities of electrons and holes, n the electron-hole pair concentration generated by the ion track, N A the doping concentration, ∇ρ n and ∇ρ p the gradients of electrons and holes generated by the ion track. The injected current in the body I SEU constitutes the base current of the NPN parasitic bipolar transistor which induces a collector current I C from the drain to the source of the irradiated N-MOSFET. At present, the model does not exactly reproduce the decrease of the peak and the increase of the delay of the induced currents extracted from the 2D-TCAD simulations vs temperature (Tab.1, Tab.2), but the average of the charge induced in the transistor drain is very close (Tab.3) for both simulations. The charge is obviously the main factor responsible for the single event upset of the circuits, as a SEU occurs when a critical value Q CRIT is reached [4] . As the Verilog-A models yield the same charge as 2D-TCAD simulations for the same LET=30MeV.cm 2 /mg at different temperatures, we can now rely on the Verilog-A model to simulate the radiation effects on the different circuits. 
IV. Conclusion
The increase of the temperature from 300 to 500K in radiation environment shows a decrease of the LETth (linear energy transfer threshold) and as a result, an increase of the SEU sensitivity of the 6T-SRAM. A Spice compact model to simulate the Single Event Effects at different temperatures in SOI CMOS circuits was presented. Comparison between 2D-TCAD mixed-mode and Spice simulations of a 6T-SRAM at different temperature conditions shows a good agreement for our Verilog-A implemented module. This module is less complicated and requires much smaller simulation time compared to 2D-TCAD mixed mode simulations. Furthermore this model could be extended easily to other circuits simulations. This result is of interest to allow for extensive circuit design studies which cannot be carried out with TCAD physical simulations.
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